From infancy we learn to comply with societal norms. However, overt compliance is not necessarily accompanied by a change in internal beliefs. The neuromodulatory processes underlying these different phenomena are not yet understood. Here, we test the role of oxytocin in controlling overt compliance versus internalization of information delivered by a social source. After intranasal oxytocin administration, participants showed enhanced compliance to the erroneous opinion of others. However, this expression was coupled with a decrease in the influence of others on long-term memories. Our data suggest that this dissociation may result from reduced conflict in the face of social pressure, which increases immediate conforming behavior, but reduces processing required for deep encoding. These findings reveal a neurobiological control system that oppositely affects internalization and overt compliance.
INTRODUCTION
When faced with social pressure, it is often adaptive to conform, to avoid rejection, ridicule and punishment (Asch, 1952; Kelman, 1961; Smith and Mackie, 2007) . However, when conforming, the individual can act in two different ways. Often it is advantageous to internalize information provided by others, as they can be excellent sources of information (Boyd et al, 1988; Haun et al, 2013) . However, at times the majority may be wrong. Furthermore, frequent alterations to beliefs in response to external pressures may lead to maladaptive changes in the individual's self-image or a damaged sense of personal identity (Kelman, 1961; Rothbaum et al, 1982) . Internalization is also not an optimal strategy under circumstances involving a high degree of environmental uncertainty and unstable social structures (Boyd et al, 1988; Haun et al, 2013) . Thus, an individual must at times comply with societal constraints without internalization (Asch, 1952; Haun et al, 2013; Smith and Mackie, 2007) . This type of behavior, for example, is prevalent in newcomers joining existing social groups (Moreland and Levine, 1989) . There is evidence that such processes can malfunction in several psychopathologies (eg, (Marsella, 1975) ). For example, it has been proposed that autistic children do not properly internalize shared experiences (Rhode, 2012) .
Internalization in response to social pressures (also called Private conformity (Smith and Mackie, 2007) ) can be measured by exploring memory modification following the application of social influence and its subsequent removal (Edelson et al, 2011 (Edelson et al, , 2014 Meade and Roediger, 2002; Smith and Mackie, 2007) . In this case, even when social influence is removed, the individuals will persist in demonstrating support for the option indorsed by the group, as the memory has already internalized and is perceived as one's own (Kelman, 1961; Meade and Roediger, 2002; Smith and Mackie, 2007) . Overt compliance (also known as Public conformity), by contrast, does not involve internalization and is dispelled when the veracity of the socially transferred information abates (Asch, 1952; Kelman, 1961; Smith and Mackie, 2007) . As conformity can have a significant societal impact, for example, in regard to totalitarian groups and regimes (Kelman, 1961; Smith and Mackie, 2007) , understanding the underlying neurobiology of these two distinct processes is important.
The neuromodulator oxytocin has been implicated in mediating a wide variety of social behaviors, including the facilitation of social bonds, trust, and affiliative behavior (Bartz et al, 2011; Carter, 2013; Feifel, 2012; Feldman, 2012; Guastella et al, 2013; Harris and Carter, 2013; Heinrichs and Domes, 2008; Hollander et al, 2007; Meyer-Lindenberg et al, 2011; Neumann, 2008; Shalvi and De Dreu, 2014; Stallen et al, 2012; Young and Wang, 2004) . Moreover, oxytocin has been found to affect both immediate and long-term reactions to information from a social source (Bartz et al, 2011; Bruins et al, 1992; Carter, 2013; Feldman, 2012; Geenen et al, 1988; Guastella et al, 2013; Harris and Carter, 2013; Neumann, 2008; Rimmele et al, 2009) . Recent animal studies suggest that oxytocin may even exercise opposite influences in these two circumstances (Bales et al, 2013; Huang et al, 2013) . These findings make oxytocin a prime candidate for influencing internalization, which will result in persistent long-term effects (Kelman, 1961; Smith and Mackie, 2007) , and/or transient responses to social influences. Here, we test whether these processes can be controlled via oxytocinergic modulation.
MATERIALS AND METHODS

General Outline
In a four-phase protocol, 92 male participants were exposed to erroneous information, while receiving placebo or oxytocin in a within-subject randomized controlled crossover design (Figure 1 ). Participants first viewed an eyewitness styled documentary movie, in groups of 6-8 people ( Figure 1a ). For increased efficiency in 'minimal group' settings, where groups are arbitrarily constructed based on trivial criteria, we enhanced in-group affiliation (see (Stallen et al, 2012) ), by instructing participants to introduce themselves (name, age and occupation) and by informing them that they were part of the same group ('Blue group'), whose performance would be compared with other outgroups. All subsequent experimental stages were performed by participants individually in the lab. Three days after viewing the film, the participants completed a memory test (Memory Test 1; 400 two-forced choice questions), which served to assess their baseline memory accuracy and confidence before the manipulation stage (Figure 1b) .
Four days later, the participants answered the same memory questions (Test 2; Manipulation phase; Figure 1c ). On this occasion a manipulation was introduced in an attempt to induce conformity. Before answering each question in this second test, participants were presented with answers supposedly given by four of their fellow group members (46 participants; Social group), or by four computer algorithms ostensibly tested to provide similar accuracy levels as humans (46 participants; Computer group). This latter group served to assess the social specificity of the pharmacological manipulation. In a subset of questions, originally answered correctly by the target participant with medium confidence (as identified by Test 1), the four external answers were all false (Manipulation questions, 60-80 questions). To maintain a credible manipulation, we added Credibility questions in which the patterns of external answers supported the participant's initial answer and confidence (see Supplementary Information for more details). Placebo and oxytocin were administrated intranasally at this Manipulation stage in an intra-subject crossover design (24 International Units; Figure 1c ; see Substance Administration below).
One week following the manipulation stage, the participants returned to the lab and were informed that the four Opposing effects of oxytocin M Edelson et al external answers given in the previous session were in fact determined randomly (ie, equal probability of a correct or incorrect answer). This rendered the information previously provided equivalent to an uninformative guess, and not to a deliberately misleading response. Discrediting the source of information in this manner is an efficient way to distinguish Private and Public conformity (Allen, 1975; Asch, 1952; Edelson et al, 2011 Edelson et al, , 2014 Haun et al, 2013; Smith and Mackie, 2007) . This is because such a procedure eliminates both Informational and Normative motivations for immediate compliance (Deutsch and Gerard, 1955) and should thus assess only the internal representation of the individual (Allen, 1975; Edelson et al, 2011; Haun et al, 2013; Kelman, 1961; Smith and Mackie, 2007) . In addition, this procedure emulates realistic situations in which the credibility of information is refuted (eg, testimony and evidence provided to jurors, which is later classified as incorrect or inadmissible (Lewandowsky et al, 2012) ) and natural changes prevalent in the dynamic human social environment (Byrne and Whiten, 1989) . Participants understood that previous information provided was random and not biased for or against the real participant/ computer answers (for additional controls and discussion see Supplementary Information). The participants were then requested to complete the memory test again based on their original memory of the movie (Test 3; Correction phase; Figure 1d ). Finally, participants filled out trait questionnaires and were debriefed (see Supplementary Information).
Events of interest (Manipulation questions) were divided into three conditions according to the participant's answers on the three memory tests. (a) Non-conformity: events in which the participant maintained a correct answer in the manipulation phase (Test 2), despite the contradictory external information. (b) Transient errors (Public conformity): events in which the participant outwardly complied in the manipulation stage by endorsing the wrong answer (Test 2), but reverted back to the correct response once the influence was removed (Test 3). (c) Persistent errors (Private conformity): events in which the participant's conformity to misleading influence in the manipulation stage (Test 2) persisted even after the influence was removed (Test 3), reflecting internalized long-lasting alteration to beliefs.
Participants
In accordance with the majority of previous literature (MacDonald et al, 2011; Meyer-Lindenberg et al, 2011) , only male participants were recruited. This is due to potential side effects on females including ethical and legal repercussions, and to avoid confounds related to gender and the menstruation cycle ( (Carter, 2013; MacDonald et al, 2011; Owen and Hauth, 1996) for more details see Supplementary Information). Each participant was randomly assigned to either the Social or Computer group (N ¼ 92, mean age 27.1±0.7 (SEM)).
In addition, in accordance with previous literature (Ortmann and Hertwig, 2002; Stang, 1976) , only participants who did not indicate suspicion of the manipulation during debriefing were included in the final analysis. This is because the effects of external influence cannot be accurately examined if the subjects do not believe the answers are real (Ortmann and Hertwig, 2002; Stang, 1976) . Exclusion criteria (detailed in Supplementary Information) resulted in a final 31 participants included in the Social group (mean age 26.8 ± 0.9) and 32 participants included in the Computer group (mean age 27.6 ± 0.9). This exclusion rate was well within the norm of previous equivalent studies (for reviews see (Ortmann and Hertwig, 2002; Stang, 1976) ). Critically, adding the excluded participants to the analyses reported in result section did not significantly alter the results (see Supplementary Information) . Thus, the exclusion criteria cannot account for the reported results.
All participants signed informed consent forms and were paid for their participation. The study was in accordance with the provisions of the World Medical Association Declaration of Helsinki and was approved by the Institutional Review Board of the Geha Mental Health Center, Petah Tikva, Israel, and limited to 100 participants, thus determining the sample size (ie, adding an additional minimal group of participants (six participants for each group) would total over 100).
Substance Administration
We followed the recommended guidelines for the standardization of oxytocin administration (Guastella et al, 2013; MacDonald et al, 2011) . Participants in both the Social and Computer groups self-administered an intranasal dose of 24 international units (IU) oxytocin (Syntocinon Spray, Novartis, Basel, Switzerland; 3 puffs per nostril, alternately, with one minute interval, each with 4 IU oxytocin) or placebo, under the experimenter supervision. The placebo vehicle solution was manufactured by 'Maayan-Haim' pharmacy (Bet Dagan, Israel) and contained the same amounts of all ingredients present in the oxytocin solution (except for the neuropeptide). Subjects were not aware that they received both placebo and oxytocin, and, when debriefed, subjects could not identify which administration contained the treatment over chance levels, nor did they report differences in perception or physical sensation between the treatment and the placebo (see Supplementary Information). To maximize effectiveness of oxytocin administration, participants were given a 45-min break between the two experimental sessions, a sufficient time period in order for the drug to take effect (van IJzendoorn and Bakermans-Kranenburg (2012) 
Statistical Analysis
Data were analyzed using R (The R Project for Statistical Computing), MATLAB software (2012b, MathWorks Inc., Natick, MA) and SPSS (IBM Corp. 2012, Version 21.0. Armonk, NY). Effects are reported as means. Unbiased effect sizes for t-tests (all t-test are within subject) are reported after applying Hedges correction to Cohen withinsubject d 0 rm (Hedges g rm ), using the spreadsheet provided by Lakens, 2013 . Standardizer for Cohen d 0 rm effect size was selected according to appropriate standard deviation of the difference scores (Cumming, 2013; Lakens, 2013) . Effect sizes for ANOVA are reported as partial Eta squared (Z 2 p ).
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The size of the effect is interpreted according to recommendation in literature (ie, when effect size cannot be compared with equivalent study in literature, rule of thumb is 0.2, 0.5 and 0.8 for small, medium and large effects, respectively, for g rm , and 0.01, 0.06 and 0.14 for small, medium and large effects respectively for Z 2 p values; (Cohen, 1988; Lakens, 2013) ). All confidence intervals (CI) were calculated via a bootstrapping approach (Efron and Tibshirani, 1993 ) with 100 000 simulations, which does not assume any specific a-priory distribution. As an additional conservative measure, we account for selective inferences related to the replicability of the results, by using a false coverage rate (FCR) approach to correct our 95% CIs for findings selected from various variables tested (Benjamini et al, 2009 ) and the reported CIs include this correction (FCR CI). This excludes the mediation model that was constructed post-hoc according to observed data using R programing software and PROSESS SPSS macro, model 4 (Hayes, 2013) with 10 000 simulations and 90% CIs. CIs on repeated measures are on the appropriate difference of the means (Cumming, 2013) .
To increase interpretability of the results, we additionally report the common language (CL) effect indicator (Lakens, 2013) that expresses the probability that a randomly sampled person has a higher value on one measurement than the other in the current study. We also ran 100 000 bootstrap simulations for half our population size (ie, randomly drawing N ¼ 16, per measure tested, recording the mean of the sample, and repeating this procedure 100 000 times to create a distribution of means), we then calculate the percentage of these partial sample means (PPM), falling below the confidence interval of our main reported effect. This represents a measure of the internal reliability of our main effect given half the sample size.
RESULTS
Oxytocin Effects on Immediate Compliance
Our data (Figure 2a) Figure S1 . This result is in line with a recent report demonstrating that oxytocin increases immediate social conformity (Stallen et al, 2012) . However, a crucial question is whether the observed enhancement Thus, the increase in general conformity levels under oxytocin in the Social group (Figure 2a ) cannot be explained by an increase in persistent errors and must be due to an oxytocin-related enhancement of transient compliance (beyond oxytocin's effect on persistent errors). However, whether there is an accompanied decrease in the strength of persistent errors requires testing with behavioral measures independent from transient errors, which we report next.
Oxytocin Affects Internal Representations Independently from Transient Errors
We previously demonstrated that the strength and resilience of a persistent error can be represented by the degree to which confidence in this wrong answer changes after the misleading influence is lifted (Test 3, Correction phase, (Edelson et al, 2011, 2014) ). Simply put, when the loss of external support leads to a large confidence decrease, this indicates that the erroneous internal representation is less robust. We now find that oxytocin administration affected the size of the confidence change after the removal of the manipulation (Figure 3a, Our data show that oxytocin reduces the strength of persistent social influence. What is the etiology of such a decrease? One possibility is that oxytocin leads individuals to feel closer to the opinion of the group. This would increase immediate compliance and would diminish the conflict and mental deliberation associated with the dissonance between the individual's belief and the group's opinion (Izuma, 2013) . However, such attenuated conflict may reduce deliberate attention processes and mnemonic operations required for robust long-term memory, resulting in weaker encoding and consolidation of the erroneous social influence (Cowan, 1995; Dudai, 2002) .
Following this rational, participants may be quicker to endorse persistent errors under oxytocin relative to placebo. An ANOVA with reaction time (RT) on Test 2 (of persistent Oxytocin reduced reaction times during exposure to social influence in Test 2 (bar chart). In both cases, the interaction is driven by a significant effect in the Social group. *po0.05. Bar chart depicted with SEM. Blue dot and accompanying 95% false coverage rate (FCR) confidence interval correspond to the differential value as depicted on right axis. Confidence intervals are extended to include FCR correction for multiple comparisons. Figure 3b) . In other words, oxytocin reduced the time necessary to make a decision when faced with social pressure (Manipulation phase), an effect unique to social influence rather than a generalized motor effect (see also Shalvi and De Dreu, 2014) . Note that RTs were in general longer in the Social group (average over all events and conditions 3173 ms [3646, 2700] and 2602 ms [3161, 2044] for the Social and Computer groups, respectively), and thus the RTs under oxytocin in the Social group should not be directly compared with RTs in the Computer group. The described interaction, however, is not sensitive to this difference.
As a supplemental measure, we also created a mediation model (Hayes, 2013; MacKinnon et al, 2007) with RT mediating between the substance administration factor (oxytocin/placebo) and the percentage of persistent errors from conformity questions. We find that the indirect effect representing the mediation was significant (unstandardized Beta ¼ À 0.018, [ À 0.051, À 0.001], Kappa-Squared measure for effect size ¼ 0.06 [0.01, 0.16]; for more information on mediation models and parameters see (Hayes, 2013; Preacher and Kelley, 2011) ). These results further suggest that reaction times (or a measure correlated with RTs, eg conflict) may mediate the effect of oxytocin on persistent errors. Other factors, however, may also contribute as the relationship between substance administration and persistent errors remained significant after the addition of RT to the regression model (t ¼ 2.6 p ¼ 0.01, (Hayes, 2013) ).
The sizes of our main effects of interest (g rm ¼ 0.9 for increased transient error occurrence and g rm ¼ 0.7 for both the decrease in persistent error confidence and reaction times) should be considered as medium to large both when comparing to common practice in literature (see methods) and to the effect size found in the only comparable study (d rm ¼ 0.6, calculated from data published in Stallen et al, 2012) . This is also evident in our confidence intervals, although they are conservatively large due to an applied FCR correction meant to address replicability issues (Benjamini et al, 2009) . The common language (CL) indicator reported helps interpret the results. We found that the CL effects range is 69-78% leading us to predict that B7 out of 10 males in the population would show our reported effects, a substantial fraction considering the current clinical applications of intranasal oxytocin.
DISCUSSION
Healthy individuals are highly influenced by their interpersonal environment and often conform to societal norms (Haun et al, 2013; Izuma and Adolphs, 2013; Smith and Mackie, 2007) . However, overtly compliant behavior is not always accompanied by a change in the individual's internal beliefs (Haun et al, 2013; Kelman, 1961; Meade and Roediger, 2002; Smith and Mackie, 2007) . For example, candidates in a job interview may comply with the expected behavior, although it does not necessarily reflect their internal beliefs (Kelman, 1961) . This dissociation is important because otherwise individuals would experience constant fluctuations in internal representations and a damaged sense of personal consistency (Baumeister, 1982; Smith and Mackie, 2007) .
Our results are, to the best of our knowledge, the first description of a neuromodulatory-mediated process subserving a balance between transient compliance and internalization of social information. We found that oxytocin increased immediate compliant behavior, a finding consistent with the results of a previous report testing oxytocin effects on the initial stages of social influence (Stallen et al, 2012) . However, we also found that oxytocin had the opposite effect on long-term memory representations, reducing the robustness of persistent errors. This was not the result of the order of administration, nor a general memory context effect, as it was evident only in the Social group and not when information was attributed to an inanimate source (for additional controls relating to order of administration see Supplementary Information). Furthermore, this was not simply a relaxation to baseline levels as the reduction in robustness of persistent errors under oxytocin was larger than under placebo.
As it is not plausible that externally administered oxytocin remains in the central nervous system until the Correction phase (Test 3, Day 14) (Guastella et al, 2013; MacDonald et al, 2011) , the reported results are likely to be driven by oxytocin impact at the time of administration (Test 2, ie, during memory encoding). One possible option is that oxytocin ability to motivate affiliative, trusting and explorative behavior (Bartz et al, 2011; Feldman, 2012; Kosfeld et al, 2005; Meyer-Lindenberg et al, 2011) may create a response bias that eliminates the tendency for ratiocination in the face of contradictory social information during Test 2. The immediate result could be quick and heuristic processing, but diminished time and resource allocation necessary for deep encoding and consolidation of long-term memories (Cowan, 1995; Dudai, 2002) .
Our results demonstrate that under some circumstances oxytocin administration may induce an immediate behavioral effect that does not involve a change to internal representations. Such an effect will be transient (Asch, 1952; Kelman, 1961; Smith and Mackie, 2007) , and most likely not persist in the face of environmental changes typical of the human interpersonal environment (Byrne and Whiten, 1989) . This distinction may help explain why early extensive animal and human work found a decrease in memory performance associated with oxytocin (Bruins et al, 1992; de Wied et al, 1993) , while recent studies report mixed results or even an improvement in memory (MeyerLindenberg et al, 2011; Neumann, 2008; Rimmele et al, 2009; Striepens et al, 2011) .
Future studies, using complementary methodologies, should attempt to further elucidate the multi-level brain underpinnings of the effects described here (Nyberg, 2014) . For example, it is possible that oxytocin induces a decrease in amygdala activity (Domes et al, 2007; Striepens et al, 2011) , which has been previously found to subserve encoding of persistent memory errors in this task (Edelson et al, 2011 ). This in turn may inhibit amygdalo-hippocampal and amygdalo-striatal output pathways related to other neurotransmitters found to affect social learning and trustworthiness such as serotonin and dopamine (Simonsen et al, 2014; Skuse and Gallagher, 2011) .
Several caveats should be noted. Due to ethical and scientific reasons, our sample population included only male participants (van IJzendoorn and BakermansKranenburg, 2012; MacDonald et al, 2011; MeyerLindenberg et al, 2011 ) (see Supplementary Information for more details). Thus, conclusions refer to a male population. Secondly, we tested healthy volunteers. Given the different brain morphology and reactivity to pharmacological agents of abnormal populations, our results need to be verified separately in psychopathological populations. In this regard, it is worth noting that processes that may contribute to the observed pattern of results, such as social motivation and exploration, as well as concern for group norms, may be affected in psychopathologies such as autism and schizophrenia (Abu-Akel et al, 2014; Churchland and Winkielman, 2012; MeyerLindenberg et al, 2011; Yafai et al, 2013) . Thirdly, in accordance with the majority of studies using intranasal oxytocin (Guastella et al, 2013; MacDonald et al, 2011) , we administered a single dose of 24 IU. It is possible that continuous administration over longer time periods or at different dosage would have different effects. Finally, despite the fact that memory modifications constitute a powerful example of internalization of social information, it is not the only measure of persistent social effects. Other measures, such as long-lasting changes in preferences, might additionally be studied.
In conclusion, our results suggest an oxytocin-mediated system that enhances the immediate effects of the social milieu on behavior, but concomitantly reduces the internalization of social influence. Abnormal activity of this system may result in untoward phenomena such as excessive ''groupthink'' behavior (Janis, 1972) and possibly contribute to psychopathological symptoms. More generally, we believe that the subsumption of long-term testing may lead to the optimization of clinical protocols and to enhanced effectivity in oxytocin-based treatments (Feifel, 2012; Harris and Carter, 2013) . 
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